Simultaneous measurements of black carbon (BC) and non-refractory PM 1 aerosol chemical compositions were performed in autumn 2016 at a suburban site in Hong Kong. A thermodenuder (TD) was employed at different heating temperatures to remove semi-volatile aerosol fractions to varying degrees. The light absorption enhancement (E abs ) of BC due to semi-volatile coatings at seven wavelengths was evaluated, and the coating fractions were further analyzed. Results showed that the overall E abs ranged from 1.58 ± 0.13 (470 nm) to 1.64 ± 0.16 (660 nm) at 280°C and increased very little from 50°C (1.02-1.04) to 200°C (1.13-1.20). The lensing-effect-related E abs was probably attributable to the presence of ammonium and sulfate. Furthermore, the ratio of the coating thickness to the BC core radius was around 1.0-2.0 based on Mie calculations. This work evaluated the E abs from coatings in Hong Kong and implied the BC mixing state, thus providing a critical reference for climate models on the role of aerosol in global warming.
INTRODUCTION
Black carbon (BC) is one of the major components of PM 2.5 formed in flames during combustion of carboncontaining fuels, which often exists as an aggregate of small graphite spheres (Bond et al., 2013) . In recent decades, BC has been an area of intensive research due to its positive effect on global radiative forcing scales. Especially in climatology, many academics regard BC as the second most important contributor to global warming after carbon dioxide (Jacobson, 2001; IPCC, 2007; Ramanathan and Carmichael, 2008; Srivastava et al., 2012) .
One key factor that defines the BC contribution to radiative forcing is its mixing state with other aerosol components, e.g., external mixture, volume mixture and encapsulated mixture, of which the last one (also known as coating-core mixing) has been recognized as the most realistic scenario, since BC is a solid and cannot physically be well mixed in a particle (Jacobson, 2001; . In this case, so-called coating materials surrounding BC core could act as a lens and enhance light absorption through the "lensing effect" (Fuller et al., 1999) . Many studies have assessed such light absorption enhancement (E abs ) based on theoretical estimation, lab experiment and field measurement. Jacobson (2001) , Schnaiter et al. (2005) and Moffet and Prather (2009) calculated an E abs of 1.6-2.0 compared to that of fresh BC spherules as core using core-shell Mie theory. Shiraiwa et al. (2010) experimentally observed an E abs of 1.3 when coated by a small amount of organic coatings with shell/core diameter ratio of 1.2, but the E abs reached as high as 2 with shell/core diameter ratio of 2. For E abs of field measurement, Cappa et al. (2012) didn't observe such high value with E abs of only ~1.1 in coastal California; while Lack and Schwarz (2012) and Liu et al. (2015) observed higher E abs , with the value of 1.4 in Colorado, USA and 1.3-1.4 in Detling, UK, respectively.
The discrepancies of reported E abs among field measurement, lab experiment and theoretical calculation raise concerns of uncertainty in evaluating the impact of BC on global radiative forcing budget. Liu et al. (2015) argued that the influence of coatings on light absorption is more of source-and region-dependent. Lack and Cappa (2010) pointed out that widely-used Mie model gives different results based on different assumptions that coatings are either non-or weakly absorbing especially in UV region, as is experimentally verified with weakly absorbing humic acid as coatings (You et al., 2016) .
In this work, we evaluated the light absorption enhancement (E abs ) by field observation in Hong Kong, and performed further simulation using Mie model to inversely deduce coating thickness and relevant optical properties. A thermodenuder (TD) was designed and evaluated with good performance to volatilize semi-volatile coating materials and assess the E abs . An Aerosol Chemical Speciation Monitor (ACSM) was also employed to characterize the semi-volatile coatings. This paper aims to: 1) evaluate E abs by field observation in an urban area; 2) characterize BC mixing state (coating thickness, heterogeneity of light absorption for coating, etc.).
MATERIAL AND METHODS
The experiment was conducted at Air Quality Management System (AQMS) site of Hong Kong Environmental Protection Department, a suburban site in Hong Kong (Fig. S1) , from Oct. 30, 2016 , to Nov. 14, 2016 . A schematic of the experimental setup is shown in Fig. 1 . Ambient aerosols were sampled intermittently through thermodenuder (TD) set at different temperatures (50°C, 100°C, 150°C, 200°C and 280°C) and direct ambient sampling without TD every 10 minutes. Relative humidity (RH) was controlled at 20-30% with the Nafion drier, as it has significant impact on light absorption of BC (Cappa et al., 2012; Cheng et al., 2014) . Measurement was conducted behind TD using an Aethalometer (AE33, Magee Scientific Corporation) for BC mass and light absorption determination at seven wavelengths (370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880 nm, 950 nm), and an Aerodyne Aerosol Chemical Speciation Monitor (ACSM) for sub-micron aerosol composition. Auto-valve control system and TD are homemade with its performance evaluated in the supplementary document.
Design of Thermodenuder
The design of the TD used in this study is based on Wehner et al. (2002) and Burtscher et al. (2001) with two tandem sections for heating and cooling (see Fig. 2 ). In the heating section, heating tape was twined evenly around a stainless steel (SS) tube with inner diameter (ID) of 22 mm, and then covered by a thermal insulation sleeve filled with thick glass fiber. In the cooling section, inner tube made of SS mesh allowed quick absorption of evaporated materials onto activated charcoal, surrounded with an air-cooled spiral copper tube (ID is 6 mm) to provide effective cooling. The estimated residence time of the TD was ~1.9 seconds at operated flow rate of 5 LPM. An automatic temperaturecontrol system was also developed, of which the K type thermocouple was placed in the middle of the tubing wall to monitor the temperature. Temperature profile of actual sample air for our TD (see Fig. S2 ) showed good temperature accuracy and homogeneity, which has high exit temperature to avoid recondensation before evaporated gases were adsorbed by activated charcoal. TD losses are inevitable due to sedimentation, diffusion and thermophoresis inside the heating tube. In this work, we use elemental carbon (EC) which is refractory at high temperature to quantify the temperature-dependent TD loss at different temperature (i.e., 25°C, 100°C, 150°C, 200°C, 280°C), by collecting filter samples through TD and non-TD lines with two cascade PM 2.5 impactors. EC was then measured with an OCEC analyzer (Sunset Laboratory Inc.), following the NIOSH 5040 protocol (Birch and Cary, 1996) . A transmission efficiency equation as a function of temperature η t = 1.0111-0.0003 × T (R = -0.79, p < 0.01, see Fig. S3 ) was then determined, in which η t is transmission efficiency and T is the set temperature in Celsius (°C). All calculations below were corrected by applying this transmission efficiency. Without this correction, E abs will be overestimated.
Aethalometer (AE33) and Aerosol Chemical Speciation MonitoR (ACSM)
The equivalent BC mass concentration (EBC) and light absorption coefficient were determined by filter-based AE33, which applies the dual spot technique to deal with loading effect via an internal loading correction (Drinovec et al., 2015) . Multiple scattering effect induced from accumulated particles would interfere the signal, while it could be eliminated and nullified by using a deep mat of opticallyscattering fibers as filter tape, and only the correction for multiple scattering induced by filter fiber need to be dealt with, i.e., data divided by the multiple scattering parameter, usually called C factor, C = 2.14 for quartz filter type as used in this work. Thus, data from AE33 were more guaranteed and exempted from multiple correction algorithms (Coen et al., 2010) . Measurement of light absorption coefficient was performed using AE33 to evaluate the absorption amplification of BC by coating materials. With increasing TD temperature, the coatings on BC are expected to evaporate by different degree resulting in the change in light absorption and absorption enhancement (E abs ) can be also determined.
Many similar studies use photoacoustic spectrometer (PAS) to determine E abs , since particles remain suspended in the air in PAS light absorption measurement, whereas particle light absorption must be measured after collection on a filter for filter-based instrument such as Aethalometer, Particle Soot Absorption Photometer (PSAP), Multi Angle Absorption Photometer (MAAP) etc. However, filter-based instrument is more widespread in determining BC light absorption as they are inexpensive, easy to operate and can run unattended for long time despite the drawback that particle morphology won't be maintained after deposition. Moreover, light absorption variation by mixing state can also be acquired from filter-based measurement as we will discuss below. Here in order to distinguish E abs evaluated from PAS, we use E abs-fb in this work, i.e., filter-based light absorption enhancement. And 
where
sample through TD at T °C (i.e., 50°C, 100°C, 150°C, 200°C, 280°C) at wavelength of while at time of t i . b abs was calculated by multiplying EBC concentration from AE33 with mass absorption cross-section (MAC) from Drinovec et al. (2015) , which has already taken into account of multiple correction.
wavelength of λ corresponding to ambient measurements before and after the TD measurement, respectively, and average of the two was regarded as ambient b abs without TD at time of t, in order to reduce uncertainty induced by fluctuation of time-changing aerosol concentration and composition. Absorption Angström exponent (AAE) was determined by fitting b abs to the 7 wavelengths with a power law equation (Lim et al., 2014) , since it's likely that fitting method with seven wavelengths will give more robust value to avoid misinterpretation (Lack and Cappa, 2010) .
In parallel with BC measurement by AE33, other aerosol fractions were measured by ACSM, which is built upon the same technology as Aerodyne Aerosol Mass Spectrometer (AMS). Detailed introduction to ACSM could be found in Ng et al. (2011) . Briefly, particles with aerodynamic diameter ~40-1000 nm are sampled into ACSM through a critical orifice mounted at the inlet of an aerodynamic lens, and then are directed onto a resistively heated surface (~600°C) where particle components are flash vaporized and ionized by 70 eV electron impact. The positive ions are then analyzed by a quadruple mass spectrometer. The ACSM was calibrated for standard NO 3 -Response Factor (RF) as well as the NH 4 + and SO 4 2-Relative Ionization Efficiencies (RIE), with NH 4 NO 3 and (NH 4 ) 2 SO 4 in sequence. The size-selected 300-nm NH 4 NO 3 and (NH 4 ) 2 SO 4 particles with multiple concentrations were sampled into both the ACSM and a condensation particle counter (CPC). The new RF for NO 3 -and IE for NH 4 + and SO 4 2-were then determined by comparing the response factors of ACSM to the mass calculated with the known particle size and the number concentrations from CPC.
As with BC measurement, with increasing TD temperature, more semi-volatile aerosol fractions will be evaporated, as will be determined by ACSM. The remaining percentage (RP T ) of aerosol mass fractions was then quantified as below:
where RP f,T is the remaining percentage of aerosol fraction f with TD heated at T °C,
Aerosol t is concentration of aerosol f with TD measurement at time t i . Aerosol f,amb (t i-1 ) and Aerosol f,amb (t i+1 ) is concentration of ambient aerosol f before and after TD measurement.
Core-Shell Mie Model Calculation
Mie calculation was performed using the same MATLAB code as in Mätzler (2002a, b) , who wrote the program according to Bohren and Huffman (1983) . As for input parameters, refractive index (RI) of BC and BC coating at certain wavelength, size of BC core and shell, and particle density are needed to calculate the absorption cross section
Input size for BC core was constrained based on our previous study (Ning et al., 2013) , which measured the BC mass size distribution of diesel engine exhaust by tandem of DMA, Aethalometer and CPC (DMA-Aeth-CPC). Mass size distribution was then converted to BC-containing particles number size distribution (see Fig. S4 ), assuming the density of BC is 1.8 g cm -3 as recommended by . Geometric mean diameter (GMD) was adopt regarding size parameter in Mie. GMD and Geometric standard deviation (GSD) of BC mass size distribution was then determined with following equation:
where l is lower size, u is upper size, n is BC-containing particle number concentration at certain size, N is total number concentration of BC. D p is corresponding particle diameter. Calculated GMD and GSD was 70 nm and 1.7, respectively, which was regarded as BC core diameter (D p, core ) and will be then fit to a lognormal size distribution. The size of BC shell and refractive index for BC core and coating will be discussed in following section.
RESULTS AND DISCUSSION

Characterization of Ambient Aerosol
Figs. 3(a) and 3(b) shows the hourly averaged mass concentration for five non-refractory PM 1 (NR-PM 1 ) species and equivalent BC (EBC) at seven wavelengths during the experiment period. Total NR-PM 1 concentrations varied from 2.7 to 51.7 µg m -3 (see also (Sun et al., 2016) and in Beijing (Sun et al., 2013) . PMF analysis on organic aerosol (OA) (see Fig. S5 ) showed that oxygenated OA (OOA) accounted for 55% of all organic aerosol, followed by hydrocarbon-like OA (HOA), accounting for 45%. As can be seen in Fig. 3(b) , EBC at 370 nm (BC370), also called UV-absorbing particulate material (UVPM), always showed higher concentration than EBC at long wavelengths such as BC880, usually regarded as BC, indicating the presence of additional UV-specific absorbing compounds. As is also indicated by correlation analysis between organics and seven wavelengths EBC, i.e., correlation coefficient (R ≈ 0.75, p < 0.01) was slightly higher between organics and EBC in short wavelengths. Significant correlation relationship between nitrate, organics and EBC was also observed, indicating similar sources possibly typical urban vehicular emission. Absorption Angström exponent (AAE) of 1.05-1.17 (Fig. 5 ) was observed for ambient aerosol (i.e., before heating), similar to AAE of 1.1 for aerosol from traffic source reported by Sandradewi et al. (2008) , suggesting main source of BC probably from traffic rather than others such as biomass burning, which would have a larger AAE due to the presence of brown carbon (BrC) (Russell et al., 2010) . As is also indicated from BC source apportionment by AE33 based on model in Sandradewi et al. (2008) , 89.2 ± 3% was apportioned to fossil fuel combustion (i.e., traffic emission), followed by biomass burning 10.8 ± 3%. Correlation relationship between sulfate or ammonium and EBC was weak, but sulfate and ammonium was strongly correlated, which is justifiable since ammonium sulfate were usually present in the same particle mode (Takami et al., 2005) . Ratio of ammonium to sulfate is about 0.87, similar to other studies (Hatakeyama et al., 2004; Takami et al., 2005) , indicating slightly acidic aerosol. With regards to chloride, measured concentration was too low, so we don't discuss it here.
Characterization of Heated Aerosol
We evaluated the filter-based light absorption enhancement of BC ( , -T abs fb E  ) as well as the remaining aerosol compositions indicated by remaining percentage (RP) for aerosol passing through TD at certain temperature.
As shown in Fig. 4(a) , all NR-PM 1 species decreased with increase of TD heating temperature, but decreasing pattern varied from each other, which was probably attributed to different mechanisms of these fractions such as evaporation and chemical dissociation. Organics with RP of ~30% after heating at 200°C, even at 280°C, there were still 23% of lowvolatility organics left (3.2 ± 0.8 µg m ), similar to observation reported by Bi et al. (Bi et al., 2015) . RP of 13% (0.5 ± 0.1 µg m -3 ) for nitrate was still observed at 280°C, which may due to little recondensation. Sulfate was observed to be refractory below 200°C, with only 20% drop of RP. While heated up to 280°C, a sharp decrease of sulfate RP was detected with RP of 36% (3.5 ± 0.6 µg m -3 ), showing low volatility of sulfate which is similar to that found in Bi et al. (2015) and Zhai et al. (2015) . Regarding ammonium, it was notable that, the decrement of RP for ammonium from 50 to 100°C (21%), 100 to 150°C (23%) and 150 to 200°C (9%) was significantly correlated to that of nitrate (0.99, p < 0.01), i.e., 19%, 19% and 12% respectively, indicating that these were likely constituent NH 4 NO 3 , thus ammonium was volatilized along with nitrate. NH 4 NO 3 almost vanished at 200°C. Then from 200 to 280°C, we observed a rapid decrease of ammonium and sulfate, with a similar decrement of RP of 49% and 43%, respectively, suggesting the bond of NH 4 + and SO 4 2-, and/or conjunction of HSO 4 -and NH 4 + (Zhai et al., 2015) . Parallel light absorption measurement by AE33 (see Fig. 4(b) ) showed that, with heating temperature from 50°C to 200°C, E abs-fb generally showed a slight increase from implying a significant light absorption amplification due to the mixing with other aerosol fractions, which were together collected onto the filter tape where light attenuation was then measured. As discussed above, RP of organics and nitrate decreased very little from 200°C to 280°C, whereas sulfate and ammonium showed a remarkable decrease, indicating a significant impact of ammonium sulfate on light absorption enhancement, due to their lensing effect by coatings. Compared to other studies of E abs by field observation using TD, as summarized in Table 2 , E abs would vary to large extent depending on the location, source, sampling period and TD heating temperature.
In addition, Lack et al. (2008) and Cappa et al. (2008) reported a significantly positive bias of absorption by filterbased light absorption measurement using PSAP, and speculated that such biases might be due to the redistribution Moreover, OA was usually recognized to have stronger absorption at short wavelength, so it's reasonable to observe a positive bias at short wavelength. Therefore, it's hard to claim OA has such impact on light absorption enhancement at long wavelength here determined from Aethalometer measurement. Nevertheless, further work is needed to quantify the filter-based light absorption impact due to mixing state (in addition to OA) suspended and/or collected on filters.
Furthermore, we calculated AAE for heated aerosol passing through TD. As shown in Fig. 5 , no major change but a slight increase was observed after heating with TD, implying that BrC does not significantly contribute to light absorption if internal mixing of BC does not alter AAE (Lack and Langridge, 2013) . Similarly, Devi et al. (2016) observed an average AAE of 0.99 before heating at 200°C and 0.98 after heating at rural Centerville. Although AAE for pure uncoated BC is approximately 1, it's reasonable to observe no decrease for AAE of heated aerosol, based upon these two facts: 1) that uncoated BC has an AAE of about 1 applies to BC particles < 50 nm in diameter, it can range from 0.7-1.2 for diameters of particles > 50 nm (Gyawali et al., 2009) . 2) According our observation, there was still certain non-BC fraction left after heating at 280°C, whose effects on AAE were unknown. The resultant AAE discrepancy may probably be attributed to aerosol chemical composition, size and coatings, all of which could be source-specific (Lack and Langridge, 2013 ). Based on above discussion, in the calculation of light absorption enhancement, light absorption of BrC will not be considered.
Theoretical Calculation from Mie Model
Light absorption amplification determined by Mie theory has been found to be in good agreement with that from field observation and lab experiment (Liu et al., 2015; Schnaiter et al., 2005) . In this work, we assumed our field measurement E abs (i.e., ~1.5 to ~1.7) was well reproduced by Mie theory, and then performed inverse calculation to evaluate the coating fraction or other parameter, based on following input parameters.
BC core diameter (D core ) was calculated to be 70 nm as discussed above (Section 2.3.1). However, due to the limitation in determining BC shell diameter (D shell ), i.e., not all particles in the ambient contain BC whereas mobilitybased instrument such as SMPS measured the ensemble of particles. Input D shell was constrained to a recommended range from 77 to 350 nm given by , with coating thickness to BC core ratio of 0.1-4.0, which was quantified as (D shell -D core )/D core . Because there are ~20% low-volatile aerosol fractions evaporate from the particle after heating with TD at 280°C according to our observation, we assumed the same coating materials remained. E abs-Mie was thus determined based on Mie calculation using equation below:
abs core shell abs Mie abs Rcoat
where abs To be consistent with AE33 for data comparison, refractive indices at the same seven wavelengths (i.e., 370, 470, 520, 590, 660, 880 and 950 nm) were selected. A fixed RI for pure BC core of 1.85-0.71i was applied to wavelength from 370 nm to 950 nm, following . Since we don't consider the absorbing coatings such as BrC, RI of 1.5 + 10 -6 i was applied to the coating part based on Lack and Cappa (2010) . Result was shown in Fig. 6 , with increasing coating thickness-core ratio from 0.5 to 4.0, E abs-Mie increased from 1.3 to as high as ~2.8 (370 nm). To achieve our field observed E abs (~1.5 to ~1.7), the targeted coating thickness-core ratio should be mainly from 1.0 to 2.0 as shown by green zone.
Limitations and Perspectives
Result of this study could provide useful information for relevant studies such as climate modelling, and further our understanding on BC mixing state, while it is worth noting the inherent limitations of the findings. First, filter-based measurement for BC light absorption cannot avoid the change of certain particle morphology or mixing state, due to the accumulation of aerosol particles on filter medium. The morphology for BC-containing particles, e.g., the location of BC core in the center or edge, may influence lensing effect (Liu et al., 2015) . While it seems impossible to consider the morphology in the accumulated particles on the filter, what we conclude in this work was more likely a statistic or microscopic result reflected by all aerosol particles collected on the filter. Second, the multiple scattering parameter C factor (i.e., 2.14) could be enhanced if very high concentrations of semi-volatile gaseous species absorbed onto the filter (Weingartner et al., 2003) , thus care should be taken when treating the enhancement negligible for ambient measurement. There are also limitations with the application of Mie model. Many studies often applied different parameter values Li et al., Aerosol and Air Quality Research, 18: 2753 -2763 , 2018 2760 Cappa, 2010; Cappa et al., 2012; Liu et al., 2015) . Mie theory assumes the shape of particles is spherical, and coated evenly on BC core, whereas BC core is observed to be irregularly chain-like shaped, and coating might not be fully coated onto BC core Liu et al., 2016 ). It's not simple to directly measure the mixing state, which must be achieved by single-particle methods or microscopy. Moreover, particles are unlikely well mixed in the atmosphere, and simulations are key to estimating their average climate effect . And there are also several different modelling methods other than Mie theory such as Rayleigh-Debye-Gans (RDG) approximation, discrete dipole approximation (DDA) etc. (Liu et al., 2015; Liu et al., 2016) . Besides, future investigations on aerosols from different sources and environment conditions are needed to verify the heterogeneity of BC mixing state and its impact to light absorption. Besides, longer period observation should also be performed to capture the diurnal profile of E abs , since the mixing state may change quickly in different hours each day.
CONCLUSION
In this work, field observations of aerosol absorption were conducted in Hong Kong. A homemade thermodenuder (TD) was then applied to remove the semi-volatile fraction at graduated temperatures between 50 and 280°C. Afterward, an ACSM was used to characterize the remaining chemical species of the non-refractory PM 1 , and an advanced aethalometer was used to measure the remaining black carbon (BC) and the light absorption coefficient (b abs ). Results show that as the heating temperature increased, more semi-volatile species evaporated, e.g., nitrate and organics were vaporized from 150 to 200°C, although ammonium and sulfate showed a low volatility, evaporating at temperatures below 280°C. Measurements of the parallel light absorption showed that E abs varied little, from 1.02 to 1.20, at TD heating temperatures between 50 and 200°C but skyrocketed to ~1.6 at 280°C, indicating the lensing effect by ammonium sulfate on the enhancement of light absorption. The absorption Angström exponent (AAE) was around 1.1-1.2, with negligible change after heating, implying that BrC does not significantly contribute to light absorption. Mie model calculations were performed to inversely determine the coating fraction. Results show that the coating fraction is about 100-200%. Although this study provides much information for relevant studies, such as climate modelling, due to the limitation of filter-based instruments, further studies, such as a combination or comparison of different methods, should be conducted to verify and evaluate the effectiveness of coatings.
